Emergent vegetation along the banks of a river channel influences its conveyance considerably. The total channel discharge can be estimated as the sum of the discharges of the vegetated and clear channel zones calculated separately. The vegetated zone discharge is often negligible, but can be estimated using established methods if necessary. The clear channel discharge can be estimated either through application of a resistance equation using a composite resistance coefficient, or by integration of the transverse distribution of the depth-averaged velocity. Recommendations are made for estimating the composite resistance coefficient, and the coefficient for the vegetation interface. An equation for the integrated velocity distribution is also presented, together with a procedure for its application. The methods reliably reproduce resistance coefficients and conveyances measured in laboratory channels
Introduction
Vegetation, (for example reeds) occurs commonly along the banks and instream bars of rivers, and is often emergent during low flows. Emergent bank vegetation has significant influence on the channel hydraulics, including the turbulence structure (e.g. Choi and Kang, 2006 and Nadaoka and Yagi, 1998) , velocity distribution (e.g. Nuding, 1991; 1994) , and the overall conveyance (e.g. James et al., 2001) . Depending on the application required, these phenomena and their effects can be described at different levels of resolution. Many environmental and engineering applications require only prediction of flow depths and cross-section average velocities for specified discharges, however, which do not usually require high resolution modelling. This paper focuses on the relation between discharge and flow depth at low flows, and is intended to contribute primarily to environmental studies. As such, it considers only the hydraulic influence of in-channel bank vegetation where the water surface is below both the top of the vegetation (i.e. the vegetation is emergent) and the top of the banks. The hydraulics of this situation differs from that of floodplain vegetation in a compound channel (Helmiö, 2004) , and the methods proposed cannot be applied to overbank flows. In view of the limited data generally available for environmental studies, the methods described are simple enough to be used with limited site data.
Vegetated zone discharge
Following the flow-resistance approach, the discharge in a channel zone can be calculated from the gross continuity formulation: 
where: Q is the appropriate zonal discharge A is the corresponding zonal cross-sectional flow area V is the average velocity over this area
The flow contribution of vegetated zones is usually relatively small and can be ignored in many situations. Where it is significant, it can be estimated using methods proposed for flow through emergent vegetation, such as from Eq. (1) with the velocity within the vegetation given by:
where: 
where: F is a site-specific resistance coefficient (James et al., 2004) An empirical equation for the lumped resistance F for reeds, derived by Jordanova et al. (2006) , is used here, and is presented as Eq. (21) below.
Clear channel discharge from resistance calculations
The discharge in the clear, un-vegetated zone between the bank vegetation strips can be calculated from Eq. (1) with V calculated by a conventional resistance equation. Here the DarcyWeisbach equation is used, i.e.:
where: g is gravitational acceleration f is the effective resistance coefficient R is the hydraulic radius S is the friction slope (equal to the channel slope for steady, uniform flow)
In Eq. (5), f is a composite friction factor accounting for resistance by the bed and the interfaces between the vegetated and un-vegetated zones. An expression for f in terms of the contributing surface values can be obtained by balancing the stream-wise weight component of steady, uniform flow with the resisting shear forces on the bed and interfaces. The boundary shear stresses can be expressed in terms of the corresponding resistance coefficients as:
(6) where:
τ is shear stress and ρ is the water density For a clear channel width B with vegetation on both sides, the force balance then leads to: (7) where:
A is the cross-section area of the un-vegetated zone B is the bed width h T is the flow depth at the interface f b is the friction factor of the bed f v is the friction factor of the vegetation interface
Combining this with Eq. (5) yields the composite resistance coefficient:
which is equivalent to the composite roughness formula proposed by Pavlovski (1931) for different roughnesses on a horizontal bed in terms of Manning's n Note that for other arrangements, Eqs. (7) and (8) Hirschowitz (2006) , and include those proposed by Pasche and Rouvé (1985) , Bertrams (1985) , Mertens (1989) , Kaiser (1984) and Nuding (1991 Nuding ( , 1994 . The method of Pasche and Rouvé (1985) was developed for vegetation in compound channels and is not usable where the vegetation is not on an elevated flood plain. The method of Bertrams (1985) was found to give unrealistic predictions, while its extension by Mertens (1989) includes an unknown empirical coefficient. The methods of Kaiser (1984) and Nuding (1991; 1994) are therefore candidates for practical applications and have been tested against independent laboratory measurements According to Kaiser (1984) the value of f v is given by:
where: f To is due to the vegetation structure and has a value between 0.06 and 0.10 f I is due to the flow interaction V inf is the depth-averaged velocity that would occur as a result of bed resistance only without the influence of vegetation V veg is the unaffected velocity within the vegetation h T is measured in metres (the number 0.0135 is also a length in m).
Nuding (1991, 1994) gives the interface friction factor as: (11) where: 
Clear channel discharge from integrated velocity distribution
The clear channel discharge can also be predicted by integrating the transverse distribution of depth-averaged velocity. Hirschowitz and James (2008) have reviewed and tested various equations proposed for describing the transverse distribution of depth-averaged longitudinal velocity in clear channel flow adjacent to emergent vegetation boundaries. They recommend a refinement of the method proposed by Nuding (1991; 1994) , with the velocity at position y given by the lesser of: (12) or (13) where: y is measured from an origin at distance b m from the vegetation interface within the vegetation u v * is the shear velocity on the vegetation interface V veg is the velocity within the vegetation (which may be calculated from Eqs. (2) and (3) or (4)) V max is the maximum velocity within the clear channel zone
The maximum velocity in the clear channel is calculated using a dimensionless maximum velocity: (14) where:
V inf is the velocity that would occur in the channel under the resistance influence of the bed only
The dimensionless maximum velocity is calculated from an empirically-derived equation:
where:
b f is the value of y at the channel centre for channels with vegetation on both sides or at the non-vegetated bank for channels with vegetation on one side only T wide is the width over which the transition from V veg to V max takes place in a channel that is wide enough for V max = V inf . T wide is given by:
The value of u v * depends on whether the clear channel zone is wide or narrow, i.e. is b f greater or less than 1.29T wide . For the wide case u v * can be calculated directly as:
For narrow clear channel zones u v * must be determined iteratively. A transition width, T narrow is estimated and used as the value for b f in calculating u v * according to:
where: D is the flow depth Using this result, T narrow is calculated as:
Equations (18) and (19) T is the appropriate transition width depending on whether the zone is wide or narrow
Experimental data
Suitable data for testing these prediction methods were collected by James et al. (2001) Table 1 .
Applications
The methods of Kaiser (1984) and Nuding (1991; 1994) have been applied to the experimental situations to predict values of f v . The results are presented in Table 1 
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While the data suggest that clear channel width is influential, neither method accounts for it satisfactorily. The method of Nuding (1991; 1994) accounts for width explicitly through the inclusion of b fo in Eq. (11), but does not reproduce the trend of f v with D well for either the narrow or wide channels (Fig.  2) . The extreme difference in predictions for Patterns 1 and 5 arises from the definition of b m , giving significantly different values for these 2 patterns, even though the clear channel width is the same. The method is therefore unrealistically sensitive to this definition, and hence to the width of vegetation strips which appears to be influential only at very low flow depths. Kaiser's (1984) method reproduces the trend of f v with D well for both the narrow and wide clear channels (Fig. 2) . The position of the curves depends only on the value selected for f To but, perhaps coincidentally, could account for clear channel width. Although Kaiser intended f To to account for vegetation structure, it is not unreasonable to suppose that this effect becomes less important relative to the ratio V inf /V veg as channel width increases Setting f To = 0 (i.e. neglecting the vegetation structure term) leads to very close agreement of Kaiser's (1984) method with the data for the wide clear channels, with an absolute average error for Patterns 1 and 5 of only 0.026 and 0.012 respectively, and with just 2 points giving errors greater than 0.018 (See Table 1 ). However, the prediction accuracy for Pattern 3 with a narrow clear channel is reduced from that obtained with f To = 0.1. The best prediction (average absolute error of 0.015 for all three patterns) is thus given by selecting f To = 0 for wide clear channels (Patterns 1 and 5) and f To = 0.1 for narrower clear channels (Pattern 3). This confirms that the vegetation structure term ( f To ) is effective only for narrow channels. As the width to depth ratios (B/D) occurring in Patterns 1 and 5 are more representative of real channels than those of Pattern 3, Kaiser's method with f To = 0 appears to be the best currently available for estimating the f v for emergent vegetation lateral boundaries.
The velocity measurements were integrated to obtain clear channel discharges for the three vegetation patterns. These were also predicted using Eqs. (1), (5) and (8) with f v estimated by the methods of Kaiser (1984) and Nuding (1991; 1994) . Kaiser's (1984) method was applied with f To = 0.08 (the middle value of the recommeded range) and also with f To = 0.1 
Interface friction factor (fv)
Measured (P1) Measured (P3) Measured (P5) Nuding (P1) Nuding (P3) Nuding ( The stage-discharge predictions by the methods of Kaiser (1984) and Nuding (1991; 1994) as well as the integrated transverse velocity distribution (Eq. (20) ) are compared with the measured data in Table 2 and Fig. 3 . Discharge predictions by all methods are acceptable. Overall, Kaiser's (1984) method with f To selected on the basis of B/D performs best, with an average absolute error of 2.6%. Equation (20), with an average absolute error of 7.0%, performs better than both Kaiser's (1984) method as originally intended and Nuding's (1991 Nuding's ( , 1994 method, with average absolute errors of 8.9% and 13.5% respectively. Equation (20) relies on the assumption of a constant depth and roughness within the clear channel, which may not be realistic in some real channels. The resistance equation approaches are more flexible, and could account for variations in channel characteristics. Of these, the method of Kaiser (1984) appears to be better than Nuding's (1991; 1994) even without adjusting f To . Assigning a value of f To = 0 for wide natural channels appears to be appropriate, but this is rather arbitrary and requires confirmation with appropriate data.
Conclusions
The conveyance of river channels with emergent vegetation along their banks can be estimated by adding discharges calculated separately for vegetated zones and clear channel zones. The contribution from the vegetated zones is often negligible, but may be estimated by existing methods (e.g. James et al., 2008 and Jordanova et al., 2006) . The conveyance of the clear channel zones can be estimated through composite resistance calculations or by an integration of the transverse distribution of depth-averaged velocity.
For resistance calculations a composite resistance coefficient combining the effects of the channel bed and vegetation interfaces is used, as given by Eq. (8). The vegetation interface resistance coefficient ( f v ) is best estimated by the method of Kaiser (1984) (Eqs. (9) and (10) The transverse velocity distribution across the clear channel zone reflects the resisting influence of the boundaries, and its integration (Eq. (20) ) to estimate conveyance would be particularly useful in cases where the velocity distribution is required as well. The implied assumption of constant depth and bed roughness within the clear channel may lead to inaccuracies in some natural channels, however, and the simpler composite resistance approach may be generally preferable.
